1. Introduction {#sec1}
===============

Soil erosion and the resulting diffuse fine sediment pollution from agriculture has been identified as a leading cause of the degradation of freshwater habitats ([@bib3]; [@bib88]; [@bib50]). Diffuse agricultural sediment has resulted in significant off-farm costs; for example, [@bib14] calculated that maximum environmental damage costs of £523 M yr^−1^ are incurred in the UK due to detrimental effects of agriculturally-related sediment pollution on ecosystem goods and services. To mitigate these effects and achieve compliance with water quality targets it has been estimated that sediment loads from agriculture will have to be reduced by up to 20% ([@bib13]). Such an achievement may be challenging, however, since [@bib92] recently estimated that best-case future on-farm management interventions costing a median of £13,000 km^−2^ yr^−1^ are only likely to deliver a median 25% reduction in agricultural sediment loss under business-as-usual. In the context of this management challenge, it is necessary to target on-farm mitigation on the basis of robust data on pollution losses and key controls to deliver optimum cost-benefit ([@bib67]). Erosion rates and controlling processes must therefore be understood in a range of different agricultural landscapes. Accordingly, this study focuses on assessing the magnitude of sediment loss from intensively managed lowland grassland in a UK setting. Grasslands represent a significant proportion of land internationally. Nationally in the UK, grassland represents 67% of the total agricultural land area ([@bib17]), whereas it represents \~40% of the agricultural area of western Europe ([@bib74]), and grassland/range land also represents 35% of land area in the USA ([@bib25]).

Soil erosion on grasslands is generally less severe than on cultivated land due to its near continuous vegetation cover ([@bib66]; [@bib73]; [@bib4]; [@bib32]), and, as a result, until recent decades, most monitoring studies in the UK have focussed on assembling data on erosion rates and key controls in arable settings ([@bib27], [@bib28]; [@bib10]; [@bib7], [@bib9]). However, a decline in aquatic habitat quality and non-compliance with water quality targets has been attributed to agriculturally-derived sediment pollution in grassland dominated catchments ([@bib44]; [@bib46]; [@bib75]; [@bib43]). Whilst the soil erosion rates and sediment yields in UK catchments which average approximately 44 t. km^−2^ yr^−1^ ([@bib84]), are low compared to other regions of the world ([@bib82]), and do not pose a threat to soil as a resource in the majority of areas, there are significant costs associated with remediating the off-site impacts of diffuse pollution by sediment ([@bib14]; [@bib92]). In addition, fine sediment emitted from grasslands acts as a vector for particulate phosphorous delivery to freshwater receptors ([@bib45]; [@bib46]; [@bib38]) underscoring the wider environmental significance of elevated soil erosion and sediment loss under modern intensive farming practices.

Multiple factors have been suggested to explain erosion rates on temperate grassland fields. For example, high stocking densities associated with intensive lowland livestock farming can cause the compaction, poaching and pugging of soils ([@bib36]; [@bib31]; [@bib43]; [@bib5]). Such disruption of soil structure can reduce soil infiltration capacity and increase surface runoff volumes and associated erosion risk ([@bib44]). Increased soil moisture content has also been shown to increase soil damage by animals ([@bib87]; [@bib12]; [@bib77]), and can also reduce the internal friction between soil particles reducing resistance to poaching damage and erosion ([@bib73]). In addition, the loss of vegetation associated with intensive grazing can expose bare soil to erosion ([@bib81]; [@bib26], [@bib30]). The growing trend in the outdoor-wintering of livestock in the many temperate landscapes is likely to compound many of these factors. Slope has also been shown to be a major control on erosion rate ([@bib24]; [@bib16]), which is linked with the fact that erosion has been shown to be directly related to runoff velocity ([@bib63]; [@bib51], [@bib52]). Field topography has also been linked to increased erosion with saturation-excess overland flow developing in the topographic convergence of valley axes ([@bib19]; [@bib1]).

Many studies into soil erosion rates and key controls have historically been conducted at plot scale ([@bib65]). It is questionable, however, if such results can be reliably upscaled to field or catchment scale ([@bib27]; [@bib54]; [@bib78]), despite these scales being fundamental units for land management by farmers and for water quality compliance reporting in the context of policy-driven environmental objectives. Previous UK-based field scale studies into soil erosion rates have focussed on measuring visible rill and gully erosion and estimating sheet wash on cultivated land rather than assembling data for intensively managed grasslands ([@bib27]; [@bib8]). It has also been identified that the prediction of erosion rates and processes through modelling is more challenging for smaller catchments when compared to large catchments ([@bib18]. Therefore, there remains a paucity of field scale information on soil erosion and its major controls within grassland landscapes. In this context, the aim of this study was to determine how and when sediment is transported from intensively managed grassland fields in a temperate lowland agricultural landscape with semi-permeable soil drainage. More specifically, the work determined which geographical and hydrological factors control the sediment loads and yields originating from 15 field scale catchments on the North Wyke farm platform (NWFP) in south west England.

2. Study site {#sec2}
=============

The NWFP (50°46′10″ N, 30°54′05″ W) was set up in 2010 and is designed to test the productivity and environmental sustainability of temperate grassland beef cattle and sheep systems using three different swards; long-term permanent pasture, increasing use of legumes, and planned re-seeding with novel high sugar grasses. The platform consists of 15 hydrologically-isolated catchments draining either one or two fields which are monitored quasi-continuously for water, sediment and nutrient exports ([Fig. 1](#fig1){ref-type="fig"}). Full details of the design of the platform and the full range of monitoring equipment are provided in [@bib68].Fig. 1The North Wyke farm platform; each hydrologically-isolated catchment is marked and labelled with its flume number to correspond with the background information in [Table 1](#tbl1){ref-type="table"}.Fig. 1

The NWFP is located on raised ground between the River Taw and its tributary Cocktree stream. The hydrological areas of the catchments bounded using a network of French drains (800-mm deep trenches containing a perforated drainage pipe backfilled to the surface with 20--50 mm clean granite, carbonate free, stone chips) range from 1.54 ha for Flume 15 to 11.12 (subsequently reduced to 7.75 on 13/08/2013) ha for Flume 4 ([Table 1](#tbl1){ref-type="table"}). Many of the catchments are steeply sloping with the highest individual mean (Catchment 5, [Table 1](#tbl1){ref-type="table"}) being 12.25°; however, some catchments have a mean slope as low as 4.17° (Catchment 14, [Table 1](#tbl1){ref-type="table"}). The fields generally have a slowly permeable slightly stony clay loam topsoil (\~36% clay) prone to seasonal waterlogging, which overlies a mottled stony clayey poorly permeable subsoil (\~60% clay) derived from the underlying Carboniferous Culm rocks ([@bib42]). The dominant soils ([Fig. 1](#fig1){ref-type="fig"}) have been classified as belonging to two similar series ([@bib2]); Hallsworth (712, (Dystric Gleysol) and Halstow (421 b, Gleyic Cambisol). These intrinsic soil profiles provide the basis for the interception of lateral runoff and associated suspended sediment by the French drains inserted along the boundary of each catchment ([Fig. 1](#fig1){ref-type="fig"}). Only Flume 2 shows any evidence of rill erosion where a spring reaches the surface and produces a short area of rilling in the centre of the catchment, but this does not extend to the field margins. Bare and trampled soil is often present along field margins and around feeding troughs in all catchments where livestock are present. There is no gullying present within the study landscape.Table 1Characteristics of the 15 NWFP hydrologically-isolated catchments.Table 1Flume numberNameArea (ha)Mean slope (degrees)Percentage time animals presentMaximum number of animals presentPercentage of soil areaPloughedCattleSheepCattleSheep421 b7125418131Pecketsford4.815.8313.2732.283210322.841.425.510.3No2Great Field6.656.088.2103206814.117.90Yes3Poor Field6.627.2931.8723.53309834.149.3610.6No4Burrows[a](#tbl1fna){ref-type="table-fn"}7.75 (11.12)10.765.214.6430995727160No5Orchard Dean6.5412.2519.432.63229851500No6Golden Rove3.869.76027.77010674.95.119.90No7Lower Wyke Moor2.67.54036.53010157.542.500No8Higher and Middle Wyke Moor7.026.775.22.8732920.699.400Yes9Dairy Corner7.758.4239.9520.38327456.95.837.30No10Lower Wheaty1.827.24016.8308398.101.90No11Dairy East1.769.71015.608199.30.700No12Dairy North1.7810.69018.33083100000No13Longlands South1.757.24016.96050100000No14Longlands North1.724.17018.47049100000Yes15Longlands East1.545.32017.37049100000Yes[^1][^2][^3][^4][^5]

This study focussed on a time period (1/10/2012--31/05/2014) encapsulating both baseline conditions when all fields were managed under long-term permanent pasture and a transition period of ploughing and re-seeding in the fields draining to Flumes 2,8,14 and 15. The study period therefore captured and provided a basis for comparing and contrasting sediment loss under the two extremes of land cover within the grazed systems; well-developed permanent pasture and bare ploughed re-seeded soil giving rise to a new grass sward in line with the overarching experimental objectives of the NWFP to test the production and sustainability of beef and sheep farming with different swards. Beef cattle were only present in catchments 1, 2, 3, 4, 5, 8 and 9 during the study period, whereas sheep and lambs were present in all catchments apart from 8. Where cattle were present between 13 and 32 individuals were in each catchment; this number, however, varied considerably over time. Up to 103 sheep and lambs were present in the catchments and like the cattle the number present varied significantly over time. Management in the non-grazed catchments involved mowing and two silage cuts each year. Fertiliser was also applied to the catchments. Feeder rings are moved regularly in tandem with policy guidance and troughs generally have concrete bases. Average annual rainfall during the study was 1252 mm which is higher than the long-term average of 1053 mm.

3. Material and methods {#sec3}
=======================

3.1. Data collection {#sec3.1}
--------------------

The drains from each catchment on the NWFP converge on a pre-collection chamber where samples of the runoff are extracted for measuring pollutant (e.g. sediment) content. Runoff then passes to an open channel where flow is recorded at 15-min intervals using H-flumes (designed for a 1 in 50-year runoff event) equipped with Tracom flow height gauges, and Teledyne ISCO bubbler flow-meter devices (ISCO Open channel flow measurement handbook, [@bib48]). Turbidity is also measured at 15-min intervals using YSI multiparameter sondes (6600V2, YSI) inserted into stainless steel bypass flow cells. The latter are necessary to ensure that the multi-parameter sondes do not become vulnerable to drying out during the absence of field runoff. The sondes are calibrated quarterly for turbidity measurements using a two-point calibration; 0 (RO water) and 124 formazine nephelometric turbidity units (FNU). Automatic water samplers (ISCO) are used for the routine collection of water samples for developing the suspended sediment concentration-turbidity ratings for the turbidity sensors.

Recorded turbidity was converted into suspended sediment concentration (SSC) using ratings developed using 100 ml samples of runoff from the flumes sampled over a range of flow conditions. These samples were filtered through 0.7  μm pore size glass fibre paper and oven dried at 105 °C for 60 min (Equation [(1)](#fd1){ref-type="disp-formula"}; [@bib6]). For Flumes 2, 8, 14 and 15 it was found that the relationship between SSC and turbidity changed after ploughing in mid-2013. As such, a new rating (Equation [(2)](#fd2){ref-type="disp-formula"}) was developed from the relationship shown in [Supplementary Fig. 1](#appsec1){ref-type="sec"} and this was applied during the post-plough period, defined as the time spanning from ploughing till the end of the first winter (March 31st) post plough.$$SSC = 1.1804 \ast NTU + 0.0472\left( {r^{2} = 0.75} \right)$$$$SSC = 0.7664 \ast NTU + 5.7116\left( {r^{2} = 0.91} \right)$$

It was not possible to obtain a measurement of turbidity during flows of less than 0.0002 m^3^ s^−1^ due to inadequate water depth; the intercept value of the SSC-turbidity relationships was therefore used for these periods in the runoff records.

An Adcon SM1 soil moisture station and an ADCON RG1 tipping bucket rain gauge with 0.2 mm resolution have been installed in the centre of each catchment. The soil moisture station records percentage moisture using capacitance at depths of 10, 20 and 30 cm. Both soil moisture and rainfall are recorded at 15-min intervals.

The particle size distributions of the \<2 mm fraction of soils within each catchment were quantified using a composite sample of 10--33 individual topsoil samples collected to a depth of 10 cm using a steel auger and a grid sampling strategy. Each composite sample was wet sieved through a series of stainless steel meshes (1000, 500, 250, 125, 63, 45 and 25 μm) and the percentage of the total sample mass retained in each sieve was recorded.

3.2. Data analysis {#sec3.2}
------------------

Data analysis comprised three stages. In stage one, the temporal trends in sediment and water flux were explored. Here, the percentage of the total sediment and water flux which occurred under each percentile of total flow rate in 5th percentile increments (0--5th, 5th-10th, etc) was determined to identify under what conditions the majority of export occurred. A time series of high flow events in Flume 4 (the largest catchment) was then examined to compare the temporal relationships between rainfall and sediment flux. The time series for the entire study period was also examined for the catchment which had the most complete soil moisture dataset (Flume 10) to determine the effect of soil moisture (%) on water and sediment fluxes. As part of this analysis, the relationships between flow and SSC were examined during saturated and non-saturated soil conditions. Finally, the relationships between flow and SSC were examined both before and after ploughing in Flume 8 which had the highest overall sediment export.

In stage 2, fluxes of water and sediment were examined to determine their controlling factors. The differences between total rainfall in each flume were first compared to determine how spatially variable the quantities of water delivered to the catchments were. It was also determined what percentage of the rainfall delivered to each catchment reached the corresponding flume outlet. The data time series was then divided into three categories based upon flow condition; rising limb, falling limb and baseflow. Where there was an increase in flow from the previous measurement the 15-min time period was classified as the rising limb, where there was a decrease it was classified as the falling limb, and where flow was at a rate less than 5% of the maximum value recorded in each flume the time period was classified as under baseflow conditions. This threshold was determined through a visual inspection of the flow time series; the 5% threshold was judged to best separate the rapidly rising or falling high flow peaks from flat or gently falling flow rates which characterised periods with little rainfall. The flow condition category was only changed from the previous if it lasted for longer than 1 h to minimise the noise of short duration fluctuations in flow. The total water and sediment fluxes were calculated for each flow condition as well as the total for the entire study period. It was then determined what percentage of the water and sediment fluxes and percentage of the study period duration occurred under each flow condition. The sediment and water export for each flume were compared to catchment characteristics (described at the end of this section) and the mean SSC of the flume runoff to determine their controlling factors.

In the final part of the analysis, the water and sediment fluxes were normalised to catchment area and the total duration of each flow condition to generate water and sediment specific yields (m^3^ ha^−1^ yr^−1^; t ha^−1^ yr^−1^). The yields were compared to catchment characteristics and the mean SSCs in the runoff of each flume to determine their controlling factors. A Pearson correlation matrix was finally used to summarise all of the correlations between catchment variables and sediment and water fluxes and yields.

The catchment characteristics compared to sediment and water fluxes and yields comprised: rainfall (mm), measured by the tipping bucket rain gauges; the percentage of time livestock were present, determined through farm management records; the percentage of soil area damaged by livestock and the total area of damaged soil (m^2^), identified manually using an 5 cm resolution aerial photograph and NDVI in ARCGIS 10.5; rainfall reaching each catchment outlet (%), calculated by multiplying the total rainfall by the catchment area and dividing by the measured water flux at the corresponding flume; catchment area (ha); mean catchment slope (°), measured using a 5m resolution Ordinance Survey Terrain 5 DEM in ARCGIS 10.5; rising limb water flux (m^3^), falling limb water flux (m^3^) and baseflow water flux (m^3^), calculated using the flume measurements; maximum flow accumulation in each catchment (m^3^), calculated using a 5m resolution DEM and the flow accumulation tool in ARCGIS 10.5; total water flux (m^3^); percentage of time spent in the rising limbs of all storm events across the study period; percentage of time spent in the falling limbs of all storm events across the study period.

4. Results {#sec4}
==========

4.1. Temporal trends in runoff and sediment generation {#sec4.1}
------------------------------------------------------

In almost all flumes, over half of the water flux took place between the 90th and 100th percentile flow rate despite this covering only 4% of the monitoring period duration (see example using Flume 4 in [Fig. 2](#fig2){ref-type="fig"}). In excess of 90% of the total sediment flux took place during the top 5th percentile of flow conditions, indicating that the short periods of very high flow dominate sediment fluxes from the catchments (see example using Flume 4 in [Fig. 2](#fig2){ref-type="fig"}). The proportion of the study period where sediment was transported in concentrations exceeding background was highly variable between the flumes. Flumes 1, 3, 4, 5 and 9 generated sediment during more than 50% of the study period. In contrast, Flumes 12 and 13 only generated sediment for 20% of time, whilst Flumes 2, 6, 7, 8, 10, 11 and14 generated sediment for between 20 and 30% of the study period. There was a significant positive relationship between the total percentage of the study period duration spent in a high flow event and catchment area, with an r^2^ of 0.55 ([Supplementary Fig. 2a](#appsec1){ref-type="sec"}). Flume 15 was the exception to this relationship, with long duration flows for its area; when this outlier was removed, the r^2^ increased to 0.87.Fig. 2The percentage of total water and sediment flux taking place under each percentile flow rate in Flume 4.Fig. 2

It was observed that a rise in turbidity occurred during periods of active rainfall and generally dropped sharply after rainfall stopped, even when flow remained elevated (see example using Flume 4 in [Fig. 3](#fig3){ref-type="fig"}). This trend was present for most large storm events in most flumes and was most pronounced in the flumes with the highest SSCs in an event. Further rainfall during the same high flow event often resulted in turbidity rising again. For example, the event on the 24/12/2012 ([Fig. 3](#fig3){ref-type="fig"}) experienced an hour of heavy rainfall after the initial peak in SSC had fallen which resulted in a second peak in SSC. [Fig. 3](#fig3){ref-type="fig"} demonstrates that the rise in SSC occurs prior to the rise in flow suggesting that sediment mobilisation and transport can occur with only small quantities of overland flow. This pattern was common to most catchments where a high SSC occurred (see [Supplementary Fig. 3](#appsec1){ref-type="sec"}).Fig. 3Flow, rainfall and SSC time series for Flume 4 from the 23/12/2012 to the 31/12/2012.Fig. 3

All flumes were characterised by a reduction in soil moisture during the summer of 2013 due to a period of low rainfall and high evapotranspiration ([Fig. 4](#fig4){ref-type="fig"}). During this dry period large rainfall events did not result in any appreciable flows or sediment generation. The high rainfall of mid-October 2013 increased soil moisture but it remained lower than that during the previous winter until the end of the study period. This had a large effect on the capacity of the catchments to generate sediment. After October 2013, there was a far lower SSC for a given flow in each flume than prior to the reduction in soil moisture in April 2013 ([Fig. 5](#fig5){ref-type="fig"}).Fig. 4Rainfall, soil moisture, flow, sediment flux and SSC time series for Flume 10.Fig. 4Fig. 5Relationships between flow and SSC during winter -- spring 2012--2013 and 2013--2014.Fig. 5

The ploughing and re-seeding of the fields draining to Flumes 8, 14 and 15 caused a significant increase in the mean SSC for a given flow rate in the post-plough period. This increase was most pronounced in Flume 8, where SSC for a given flow rate could be over 7 times higher than before ploughing despite soil moisture content being lower during this transition period ([Fig. 6](#fig6){ref-type="fig"}; plots for the other ploughed catchments are provided in [Supplementary Fig. 4](#appsec1){ref-type="sec"}). Ongoing work is exploring explanations for the differing responses to ploughing. The SSC for a given flow rate increased under all flow conditions but was most significant during higher flows.Fig. 6The relationship between SSC and flow before and after ploughing in Flume 8.Fig. 6

4.2. Fluxes of water and sediment {#sec4.2}
---------------------------------

### 4.2.1. Temporal patterns of flow {#sec4.2.1}

When the flow time series were divided into the rising limb, falling limb and baseflow for all flumes, baseflow conditions (\<5% of maximum flow) were present for the vast majority of the study period. In only the largest catchment (Flume 4) was less than 90% of the monitoring period spent under baseflow conditions. For all flumes, the mean percentage of time spent in the rising limb and falling limbs were comparable at 2.21% and 2.63%, respectively. There was, however, some variation between flumes with, for example, 6.97% of time spent in the rising limb for Flume 15 and only 0.25% for Flume 12 ([Supplementary Table 1](#appsec1){ref-type="sec"}).

Mean precipitation during the study period for all flumes was 2079 mm ([Table 2](#tbl2){ref-type="table"}). Flumes 7, 8 and 11 had the highest rainfall with 99--168 mm more than the mean whereas Flumes 5 and 6 had the lowest at 182 and 160 mm less than the mean, respectively. There is a general spatial trend of the south east catchments experiencing the most rainfall and the south west the least. This spatial pattern is likely to reflect the orographic effect of winds from the south west having to transverse more of the neighbouring Dartmoor upland than winds from the south east. When the total rainfall inputs to each flume were compared to the monitored total water yields of the corresponding catchments ([Table 2](#tbl2){ref-type="table"}), Flumes 1 and 15 had the highest proportion of rainfall delivered to the flume outlet at 72% and 77%, respectively, compared to an overall mean of 53% for all flumes. Rainfall intensity when quantified using a histogram of daily rainfall totals is related to total rainfall with Flumes 4, 5 and 6 in the south west having 44, 44 and 52 days with rainfall exceeding 10 mm, compared with a mean of 62.5 days for the other flumes ([Supplementary Fig. 5](#appsec1){ref-type="sec"}).Table 2The total rainfall in each catchment and percentage of rainfall delivered to the corresponding flume outlet during the study period.Table 2Total rainfall (mm)Percentage of rainfall delivered to the catchment outletFlume 1208571.90Flume 2214051.95Flume 3203059.05Flume 4203058.08Flume 5189764.65Flume 6191951.57Flume 7224751.84Flume 8217853.75Flume 9206142.60Flume 10205445.58Flume 11217842.28Flume 12208634.34Flume 13202541.15Flume 14211858.11Flume 15213877.38

### 4.2.2. Water and sediment flux {#sec4.2.2}

For all flumes, a mean of 33.82% of the total water flux occurred during the rising limbs of storm events, 23.95% in the falling limbs and 42.4% during baseflow conditions ([Table 3](#tbl3){ref-type="table"}). A significantly higher proportion of sediment movement took place during the rising limbs of high flow events, with a mean of 62.87% for all flumes, compared with 19.00% in the falling limbs and 13.67% in baseflow conditions. It is therefore apparent that the \~2% of time spent in the rising limbs of storm events are most important for sediment erosion and transport to the edge-of-field flumes.Table 3Total fluxes of water and sediment during the study period (a) and the percentage of the fluxes occurring during each flow condition (b).Table 3(a)Water flux (m^3^)Sediment flux (t)Rising limbFalling limbBaseflowTotalRising limbFalling limbBaseflowTotalFlume 118372181319372117255042531482Flume 2255322802559739224566815593696Flume 3292825682439793629395846874210Flume 44399486738451311033217966754792Flume 5313124062483802023165007013517Flume 6114171019693820604194121919Flume 710155531460302920254744592958Flume 83384263821968218404589111788245Flume 92577193322936804160610292242859Flume 10491186102717042968345425Flume 1156220085916213477855480Flume 1253515958112752997936414Flume 134721947921458435117111663Flume 14724359103321179123112251840Flume 15596900105225489142472031696(b)Flow (%)Sediment flux (%)Rising LimbFalling LimbBaseflowRising LimbFalling LimbBaseflowFlume 125.4730.2544.2848.9234.0117.10Flume 234.5430.8534.6266.4518.4315.13Flume 336.9032.3630.7469.8113.8816.32Flume 433.5537.1229.3369.3016.6214.09Flume 539.0430.0030.9665.8414.2319.92Flume 629.8818.5751.5565.7421.1613.11Flume 733.5218.2748.2168.4616.0415.51Flume 841.1832.1026.7249.0610.8114.29Flume 937.8828.4133.7056.1735.997.83Flume 1028.8210.8960.2869.6719.5710.66Flume 1134.6412.3652.9772.3816.1811.47Flume 1241.9312.5045.5972.2419.068.70Flume 1332.3613.3354.3365.6617.6316.77Flume 1434.2216.9748.8149.5616.8812.24Flume 1523.3835.3141.3053.8714.5611.94

There was a strong linear relationship between the area of each catchment and its total water flux with an r^2^ of 0.85 ([Fig. 7](#fig7){ref-type="fig"}a). The relationship was found to be strongest (r^2^ of 0.90) when the catchment area is plotted against water flux in the rising limb only, compared to either the falling limb (r^2^ of 0.78) only, or baseflow (r^2^ of 0.75) only, reflecting the strong clockwise sediment hysteresis patterns observed. The total sediment flux was found to be more weakly correlated with catchment area with an r^2^ of 0.56 ([Fig. 7](#fig7){ref-type="fig"}b), most likely reflecting the effect of soil erodibility which was primarily impacted by ploughing. For the rising limb only, the corresponding r^2^ was 0.64, compared with 0.81 for the falling limb or 0.53 for baseflow only. The high r^2^ for the falling limb is likely due to its longer duration in larger catchments. Flume 8 is the outlier in these relationships with a high sediment flux for its area. This field was ploughed on the 06/07/2013 and subsequently re-seeded, providing a likely explanation for this result. When this flume and Flumes 14 and 15, which were also ploughed and had high SSC for their area, were removed from this part of the analysis, the r^2^ for the relationship between total sediment flux and catchment area increased to 0.73.Fig. 7The relationships between total water (a) or sediment (b) flux and catchment area.Fig. 7

When comparing the total sediment flux to the mean SSC of runoff sampled in each flume ([Supplementary Table 2](#appsec1){ref-type="sec"}), the relationship was weaker (r^2^ of 0.39) than that with catchment area or water flux ([Fig. 8](#fig8){ref-type="fig"}). The highest mean SSCs were recorded in Flumes 2, 7, 8, 14 and 15 which when combined were found to have an overall mean of 10.43 mg l^−1^ compared to a corresponding mean of 4.62 mg l^−1^ for the remaining flumes ([Supplementary Table 2](#appsec1){ref-type="sec"}). Of these flumes, all but Flume 7 were ploughed in mid-2013.Fig. 8The relationship between the total sediment flux and mean SSC for each flume.Fig. 8

4.3. Water and sediment yields normalised to catchment area and partitioned by flow {#sec4.3}
-----------------------------------------------------------------------------------

The water and sediment fluxes were normalised to catchment area and the duration of each flow condition (rising limb, falling limb and baseflow) to calculate partitioned water and sediment yields. Water yields ranged from approximately 4000 to 10000 m^3^ ha^−1^ yr^−1^ ([Table 4](#tbl4){ref-type="table"}). Flumes 1, 4 and 15 had the highest total specific water yields and Flume 12 the lowest. This flume was also found to have lowest percentage of rainfall delivered to the flume outlet ([Table 2](#tbl2){ref-type="table"}).Table 4Total specific water and sediment yields for each flume, partitioned by flow.Table 4Water yield (m^3^ ha^−1^ yr^−1^)Sediment yield (t ha^−1^ yr^−1^)Rising limbFalling limbBaseflowTotalRising limbFalling limbBaseflowTotalFlume 16363197797368390003.741.610.030.18Flume 26087775888217566735.443.920.030.33Flume 37196578816222571979.041.490.060.38Flume 468905569803786101556.830.890.050.37Flume 57912687403214973627.251.430.060.32Flume 689018204381212059415.362.780.020.14Flume 71189113059432186699427.4312.990.090.68Flume 866857801441978702814.593.020.110.71Flume 96248289228151552715.951.620.030.22Flume 10160332564717188156219.867.470.010.14Flume 111665786246391465552910.657.800.020.16Flume 121502126359451299430010.7610.790.010.14Flume 131737975513491095500215.1010.730.030.23Flume 141590424286801848738926.9220.360.070.64Flume 1590011503214535993318.211.780.070.66

Total specific sediment yields varied between 0.14 and 0.71 t ha^−1^ yr^−1^ with a mean of 0.36 t ha^−1^ yr^−1^ for all flumes. Specific sediment yields were far higher in the rising limbs (3.74 t ha^−1^ yr^−1^ -- 27.43 t ha^−1^ yr^−1^) of storm events than in the falling limbs (0.89 t ha^−1^ yr^−1^ -- 20.36 t ha^−1^ yr^−1^) and were very low during baseflow conditions (0.01--0.11 t ha^−1^ yr^−1^). The highest total specific sediment yields originated from Flumes 7, 8, 14 and 15. Of these, Flumes 8, 14 and 15 were ploughed and re-seeded in the summer of 2013. Flume 2 was also ploughed but had a sediment yield slightly lower than the mean for the entire dataset. Flume 7 had a high sediment yield but was not ploughed; this flume did, however, have the highest rainfall in the dataset with 8% more than the mean for all flume catchments. Flume 7 also has a notably finer particle size distribution than the other flumes with only 0.94% of the sample mass coarser than 250 μm compared to an average of 29.83% for the other flumes ([Supplementary Fig. 6](#appsec1){ref-type="sec"}).

The percentage of rainfall delivered to the catchment outlet ([Table 2](#tbl2){ref-type="table"}) was found to be the most strongly correlated factor with total specific water yield. This suggests that when catchment area is removed as a variable, it is the capacity of the fields to generate runoff that is the dominant controlling factor ([Fig. 9](#fig9){ref-type="fig"}a). There was found to be a spatial trend in the percentage of rainfall delivered to the catchment outlet ([Supplementary Fig. 7](#appsec1){ref-type="sec"}), with Flumes 1 and 15 in the north having the highest delivery and Flumes 9, 10, 11,12 and 13 in the centre east having the lowest. This trend appears unrelated to catchment soil type or mean slope.Fig. 9The relationships between the total water yield and percentage of rainfall delivered to the catchment outlets (a) and the total specific sediment yield and mean SSC sampled for the flume catchments (b).Fig. 9

There was a strong relationship (r^2^ = 0.82) between total specific sediment yield and the mean SSC sampled for each flume ([Fig. 9](#fig9){ref-type="fig"}b). This relationship was much stronger than was found when examining the sediment flux. Sediment yield was also weakly correlated with both rainfall (r^2^ = 0.27) and water yield (r^2^ = 0.32). Therefore, when the catchment area is removed as a variable, the total specific sediment yield is primarily controlled by the erodibility of the catchment soils rather than the quantities of runoff reaching the flumes.

A Pearson correlation analysis of all variables was used to summarise the relationships between all of the potential controls and factors examined ([Table 5](#tbl5){ref-type="table"}). Catchment area was significantly correlated with all flow characteristics apart from the percentage of rainfall reaching the catchment outlet, indicating that area is the major component controlling water and sediment fluxes. Specific sediment yield was correlated with the mean SSC of the runoff, and weakly correlated with sediment flux and water yield.Table 5Pearson correlation coefficients of catchment, flow and sediment variables, values in bold are significantly correlated (p \< 0.05).Table 5RainfallPercent time with animalsRising limb water fluxFalling limb water fluxBaseflow water fluxTotal water fluxPercentage time risingPercentage time fallingRainfall reaching outletDamaged soil areaPercent of soil area damagedWater yieldMaximum flow rateMean SSCSediment fluxSediment yieldMean slopeMax flow accumulationArea−0.26−0.25**0.9510.8820.8650.9250.860.549**0.329**0.6830.611**0.117**0.963**0.202**0.751**0.0310.244**0.549**Rainfall0.225−0.24−0.21−0.28−0.24−0.11−0.06−0.12−0.23−0.210.143−0.27**0.522**0.156**0.524**−**0.52**0.006Percent of time with animals−0.14−0.17−0.33−0.21−0.09−0.10−0.13**0.6410.692**−0.06−0.170.192−0.27−0.166−0.08−0.283Rising limb water flux**0.9620.8790.9770.9180.649**0.489**0.6570.547**0.21**0.963**0.242**0.821**0.1590.286**0.520**Falling limb water flux**0.9240.9910.930.783**0.652**0.6570.522**0.341**0.883**0.182**0.733**0.1440.2150.509Baseflow water flux**0.9520.8480.6770.6360.574**0.4570.374**0.798**0.109**0.58**−0.010.1690.488Total water flux**0.9260.7240.6040.6510.527**0.311**0.911**0.189**0.742**0.1120.234**0.520**Percentage time rising**0.8530.7000.539**0.444**0.5350.857**0.41**0.824**0.3790.0530.494Percentage time falling**0.863**0.4320.323**0.710.549**0.246**0.521**0.345−0.060.320Rainfall reaching outlet0.2430.131**0.842**0.3270.2520.3470.457−0.120.166Damaged soil area**0.968**−0.05**0.697**−0.050.373−0.070.222**0.617**Percent of soil area damaged−0.06**0.617**−0.040.315−0.070.142**0.671**Water yield0.0660.4630.277**0.564**−0.450.089Maximum flow rate0.217**0.773**0.100.366**0.574**Mean SSC**0.6250.907**−**0.53**0.189Sediment flux**0.579**−0.030.407Sediment yield−0.480.079Mean slope−0.052

The percentage of time animals were present in each catchment was found to be correlated with the area of soil damaged by poaching and the percentage of the total catchment area which is damaged ([Table 5](#tbl5){ref-type="table"}). However, these factors were not significantly correlated with either sediment flux or yield. Mean catchment slope was found to be unrelated to all variables apart from weak negative relationships with rainfall and mean SSC ([Table 5](#tbl5){ref-type="table"}).

5. Discussion {#sec5}
=============

Three primary geographical components control water and sediment generation from the 15 study catchments monitored on the NWFP. First, and most importantly, catchment area is highly correlated ([Table 5](#tbl5){ref-type="table"}) with several response characteristics, namely: total water flux (r = 0.93) and its associated partitioning (r = 0.87--0.95), maximum flow rate (r = 0.96), maximum flow accumulation (r = 0.55) and sediment flux (r = 0.75). The primary effect of area is that larger catchments have more land which can release water and sediment, with the increased flow being of more minor importance with regards to sediment generation than drainage area.

Secondly, the mean SSC of the runoff sampled for each flume and catchment specific sediment yield are strongly correlated (r = 0.91; [Table 5](#tbl5){ref-type="table"}). SSC is also significantly correlated with sediment flux (r = 0.63; [Table 5](#tbl5){ref-type="table"}); however, this is a weaker relationship than with sediment yield. SSC is controlled by the capacity of each unit area of the hydrologically-isolated catchments to generate sediment. Most importantly, ploughed and re-seeded catchments generated a significantly higher mean SSC than undisturbed long-term permanent pasture catchments. Equally importantly, a higher SSC was generated for a given flow when soils are saturated compared to when dry. It is noteworthy that SSC was not strongly correlated with catchment area (r = 0.20; [Table 5](#tbl5){ref-type="table"}) suggesting that the greater runoff, slope length and flow accumulation from the larger catchments is not causing a proportional increase in SSC as might happen if concentrated flows were initiating rill or gully erosion rather than lateral wash.

Thirdly, total rainfall was found to be correlated, albeit relatively weakly (r = 0.52, [Table 5](#tbl5){ref-type="table"}) with sediment yield, indicating that the amount of net erosion taking place in a given area increases with rainfall. Field walking during storm events suggested that the majority of sediment was eroded and transported during active rainfall with such processes ceasing rapidly with the end of precipitation inputs. The percentage of rainfall reaching each catchment outlet was correlated with water flux and specific yield but was not correlated with sediment flux nor yield, indicating that these particular aspects of hydrological response are unlikely to be key controlling factors on the amount of erosion and sediment export taking place. Recent work has reported some statistically significant shifts in rainfall patterns for some sites with long-term records elsewhere in the UK with aspects of these changes involving higher mean rain totals on rain days and more back-to-back days delivering in excess of 30 mm of precipitation ([@bib11]). Although such analysis was not repeated for the south west of England in conjunction with the work reported here, the relatively strong correlation (r = 0.52; [Table 5](#tbl5){ref-type="table"}) between rainfall and sediment yield suggests that such changes would potentially be significant for increasing sediment loss and associated on-site and off-site consequences in environmental settings similar to that represented by the NWFP. Here, it is noteworthy that recent papers have also reported the growing likelihood of weather extremes across the UK, including the unprecedented risk of higher rainfall ([@bib80]) and the importance of large-scale atmospheric-ocean oscillations ([@bib60]).

The finding that catchment area is the key control on sediment flux has the implication that either the entire area of each hydrologically-isolated catchment is eroding or that the greater catchment area is resulting in a larger quantity of runoff which is concentrating into high velocity flows which, in turn, cause more erosion. A higher flow accumulation in each catchment was shown to increase sediment fluxes and yields; however, these correlations were weak ([Table 5](#tbl5){ref-type="table"}). Additionally, Flume 2 was ploughed and flow accumulation was more concentrated than in the unploughed Flume 7, yet it did not have a higher sediment yield. Instead, Flume 7 with the higher rainfall ([Table 2](#tbl2){ref-type="table"}) experienced the higher total specific sediment yield ([Table 4](#tbl4){ref-type="table"}). As catchment area is more strongly correlated with sediment flux than maximum flow accumulation ([Table 5](#tbl5){ref-type="table"}) it is likely that erosion is occurring across the entire catchment areas. This is in contrast to the findings of [@bib72] who found that sediment yield decreased with increasing plot length once a threshold of 7m length is passed because of the limited travel distance of individual particles.

It was found that SSC decreased sharply and rapidly when rainfall stopped, indicating that the action of rainfall is eroding the sediment subsequently reaching the edge-of-field flumes. It was also found that a thin layer of surface runoff covered almost the entire field areas during the latter stages of storm events. It is therefore proposed, on the basis of the analysis of the monitoring data herein and associated field observations, that raindrop impact is the primary agent of soil detachment and that saturation-excess surface runoff transports the detached particles to the edge-of-field where they are intercepted by the network of French drains. During the latter stages of a high-intensity storm event on the 26th of November 2018 it was observed that the turbidity of runoff decreased significantly after rainfall stopped, confirming the observations made using the turbidity records. It was also observed that concentrated high velocity flows over disturbed and trampled earth were insufficient to entrain soil particles ([Supplementary Fig. 8](#appsec1){ref-type="sec"}). It is possible that during the early stages of storm events there is a greater concentration of easily detached particles and this erosion mechanism is of importance. However, no significant detachment of particles by concentrated overland flows have yet been observed on the site, even on heavily trampled soil.

This mechanistic conceptualisation centred on raindrop-impacted saturation-excess overland flow erosion is supported by the findings of previous work. Raindrop impact and splash have been identified as important components of rain-induced soil erosion ([@bib93], [@bib91]; [@bib41]). Here, the impact of the raindrops is responsible for two important processes increasing the propensity for soil erosion; topsoil aggregate breakdown and instigation of soil fragment movement ([@bib57]; [@bib86]). Several studies have reported that raindrop impact can break down soil aggregates to help initiate soil erosion ([@bib23]; [@bib51], [@bib52]; [@bib83]; [@bib85]). Here, aggregate breakdown can be attributed to slaking, physico-chemical dispersion or differential clay swelling ([@bib56]; [@bib58]). Whilst the observational work on the study site is not currently investigating or apportioning the principal mechanisms of aggregate breakdown experimentally, it is feasible to assume that raindrop impact is the first stage of soil erosion. A rapid decline in soil erosion in field settings where soil wetting is fast has been attributed to a dominant role of slaking in aggregate breakdown ([@bib39]; [@bib76]; [@bib90]), but targeted experimental work is clearly required at our study site to confirm or counter this, even though sediment responses were observed to be rapid. Regardless, published work has previously reported soil erosion by raindrop impact and subsequent transportation by raindrop-impacted overland flow ([@bib89]; [@bib61]; [@bib53]). Similarly, previously reported studies have underscored that sediment transport by overland flow is greatly enhanced by raindrop impact ([@bib35]; [@bib79]; [@bib40]) and that raindrop-impacted overland flow soil erosion is a detachment-limited process ([@bib55]; [@bib61]). Again, these findings point to our conceptualisation of soil erosion at the study site on the basis of sediment monitoring and field observations. This conceptualisation is reinforced by the fact that soil moisture was identified as a key control on temporal trends in sediment flux, with rainfall during the dry summer period of 2013 resulting in little flow and sediment flux. Even when soil moisture had recovered close to its pre-summer levels later in 2013, sediment flux continued to be significantly lower than when the soil was fully saturated ([Fig. 4](#fig4){ref-type="fig"}). It has been identified in catchments elsewhere globally that raindrop impact is the primary mechanism for soil detachment where overland flows are the dominant transport mechanism ([@bib22]; [@bib16]; [@bib89]; [@bib64]; [@bib71]).

This work identified a rapid and sharp decline in erosion after rainfall ceases. It has been identified ([@bib22]) that the reduced availability of loose detachable soil particles in the latter stages of a storm event can also cause the same reduction of sediment transport in the falling limbs of events as observed in this study. The cultivation of fields clearly has the effect of removing the protective grass sward and breaking up the soil structure, thereby increasing the quantity of loose detachable particles prone to mobilisation and delivery in saturation-excess overland flow in the catchments. Here, a reduction in erosion in the latter stages of high flow events may also be linked to the presence of the surface water. A thin layer of water up to that of the raindrop diameter has been shown to increase erosion because of turbulence in the water film ([@bib69], [@bib70]), but deeper surface water reduces erosion by providing a protective barrier against more detachment by raindrops, therefore resulting in eventual exhaustion of the supply of readily mobilised soil particles ([@bib21]). This links well with the soil particle detachment-limitation noted above.

Mean catchment slope was weakly negatively correlated with total rainfall and mean SSC ([Table 5](#tbl5){ref-type="table"}) suggesting that slope also plays only a minor role in the generation of sediment from the NWFP. In much published research, slope has been shown to have an important effect on rain splash erosion with dislodged particles being preferentially pushed in a down-slope direction ([@bib20]). [@bib37] and [@bib59] showed that steeper slopes were characterised by a significant increase in soil detachment by rain splash. These studies were, however, over a range of gradients between 0°--25° and 0°--20° and it is therefore possible that the range of mean gradients for the hydrologically-isolated catchments on the NWFP (4.17°--12.25°; [Table 1](#tbl1){ref-type="table"}) is insufficient to show an effect in the analysis reported herein. It has also been shown that other factors such as raindrop size, vegetation cover and soil mobility have a larger effect than slope gradient ([@bib21]). Equally, other field-based studies in the UK have detected little relation between slope and the severity of soil erosion ([@bib62]; [@bib29]; [@bib34]), raising concerns about the prominent role slope plays in the computations by many erosion models.

An increased percentage of time with livestock present in each catchment resulted in a larger area of damaged soil. Larger catchments also had larger areas of damaged soil, possibly due to the livestock congregating in a small area of the field e.g. in conjunction with the regular moving of feeder rings. Neither the total area or percentage of the catchment area with damaged soil were, however, correlated significantly with sediment flux or yield ([Table 5](#tbl5){ref-type="table"}). It is possible that the small effect of ruminant livestock related soil damage is masked by the large impacts of the ploughing and re-seed in some catchments. It is also noteworthy that even in the most damaged catchment, only 4.1% of the total field area was bare and damaged by poaching during the study period, again limiting the impact of such features of the pastures. This specific finding is potentially important for the management of soil loss from lowland grazing more generally in the UK, since the targeting of on-farm mitigation measures for erosion control has frequently focussed on measures such as regular movement of feeder rings before excessive trampling damage occurs, installation of concrete bases to protect soils beneath and surrounding drinking troughs, re-siting gateways away from high risk areas and the resurfacing of heavily poached gateways and cattle tracks ([@bib15]). The findings from the study herein, however, suggest that such mitigation is unlikely to deliver substantial benefits for erosion management, highlighting the importance of using high resolution data to develop mechanistic (e.g. hydrological) understanding for guiding management interventions, rather than being informed by purely visual evidence alone. In this case, the monitoring data and analysis suggest that more general grazing management (e.g. reducing field stocking rates when soils are wet) will be more important ([@bib49]), although since the NWFP aims to follow best practice, the scope for significant changes to the stocking density and grazing regime is small, especially in the context of the need for productive agriculture.

6. Conclusions {#sec6}
==============

This research highlights the importance of particle detachment by raindrop impact and saturation-excess surface runoff for sediment mobilisation and delivery. The significant control imparted by catchment area suggests that connectivity within the studied fields is extremely high. This is likely due to widespread saturation-excess overland flow as driven by the local soils, although the network of French drains installed for the hydrological-isolation is a factor in the connectivity between the fields and flumes.

This study was conducted in an area of the UK for which it has recently been reported that a scenario of future projected uptake (rate = 95%) of on-farm mitigation measures might feasibly result in a reduction in sediment delivery to river channels from agricultural land by 39%. The modelled work suggested that much of this reduction could likely be achieved through targeted source control rather than delivery control ([@bib92]). The findings reported in this paper support X.C. [@bib93] as the ploughing and re-seeding of some of the catchments resulted in a significant increase in sediment generation due to the entire field areas being exposed to raindrop impact and sediment transport by saturation-excess runoff. However, further research is needed into the effects of ploughing and re-seeding in lowland grazing systems on erosion rates and processes. One catchment on the NWFP had an extremely strong response to ploughing whilst another experienced very little increase in sediment flux. Understanding the geographical factors controlling these differences observed for fields in the same locality is key for reducing soil erosion and excess sediment loads exported to aquatic environments in lowland grazing landscapes. The ongoing work on the NWFP will provide the opportunity to answer these questions on the basis of mechanistic understanding provided by a combination of high resolution quasi-continuous monitoring and information for both intrinsic and management factors.

Appendix A. Supplementary data {#appsec1}
==============================

The following are the Supplementary data to this article:Multimedia component 1Multimedia component 1Multimedia component 2Multimedia component 2
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[^1]: 712, Hallsworth, Slowly permeable clayey soils often over shale. Some well drained fine loamy soils.

[^2]: 421 b, Halstow, Slowly permeable clayey soils often over shale. Some well drained fine loamy soils.

[^3]: 541, Denbigh. Free draining permeable soils on hard (slate and shale) substrates with relatively low permeability and low storage capacity and Crediton Free draining permeable soils on soft sandstone substrates with relatively high permeability and high storage capacity.

[^4]: 813, Fladbury, Stoneless clayey soils, in places calcareous variably affected by groundwater. Flat land Risk of flooding.

[^5]: The area of Flume 4 was reduced to 7.75 ha on the 13/08/2013.
